Abstract: Tower cranes are the centerpiece of production on today's typical building construction sites. Tower cranes hoist and transport a variety of loads near and above people, working under crowded conditions, occasionally with overlapping work zones, and often under time, budget, and labor constraints. This work regime further increases the safety risk on sites that are inherently hazardous workplaces. This paper presents the results of a study that identified the major factors affecting safety in tower-crane environments and evaluated the degree to which each factor influences ongoing safety on site. Use of statistical data on accidents was ruled out as a source of information due to the countless number of incidents that go unreported, the common inability of statistics to provide root causes, and the questionability of statistics as a predictor of accidents. The research methodology was therefore based on comprehensive questioning of an expert team that included the safety managers and equipment managers of leading construction companies. With the limited resources available for safety improvement and accident prevention, greater attention must be paid by all parties involved to those factors evaluated as highly affecting site safety due to tower-crane work.
Introduction
Mobile cranes-truck mounted and crawler-are the machines of choice in North America, indeed the backbone of the United States construction industry and perhaps the most visible representative of the American construction equipment culture ͑Sha-pira and Glascock 1996; Shapiro et al. 2000; Peurifoy et al. 2006͒ . It is no wonder, then, that most of the literature published in the United States on construction equipment and site safety addresses primarily mobile cranes, and only very little of it, if at all, refers to tower cranes. However, the presence of tower cranes-the most conspicuous symbol of construction in Europe and the industrialized Far East-has gradually increased in North America in recent years ͑Shiffler 2006; Shapira et al. 2007͒ . Whereas until recently they were seen almost only on sites on which no other lifting solution could be used ͑i.e., high-rise construction or tight sites͒, today they are increasingly also favored by American contractors for projects that traditionally would employ mobile cranes. Hence, the need arises to address safety issues concerning tower cranes and their operation in a culture that is slowly embracing these machines but has not yet been broadly exposed to such issues, nor has it yet developed methods and tools to deal with them.
It is recognized that due to their configuration and operation concept, mobile cranes are potentially more "dangerous" than tower cranes ͑Shapiro et al. 2000; Yow et al. 2000; Peurifoy et al. 2006͒ . The use of tower cranes, however, entails its own safety problems as well; with the large-area work envelopes of tower cranes that commonly cover the entire site and the crane that often oversails beyond site boundaries, these safety problems have a major bearing on the overall work safety on site.
This paper presents the results of a study that sought to identify the major factors affecting ongoing safety on construction sites with tower cranes. Furthermore, based on the collective knowledge of expert practitioners in equipment management and safety management, who were involved in the process of identifying these factors, the study also sought to evaluate the degree to which each factor influences on-site safety. Factors with higher degrees of influence should be given special attention; a larger share of the limited resources available for the improvement of construction site safety should be allocated to keep them in check.
With a view to quantification of safety hazards, the current study is the first phase of a research plan aimed at developing a method for the computation of safety indices that objectively and realistically reflect the state of ongoing site safety. Such quantitative indices would indicate the major hazards with a continuous presence on site and facilitate the comparison of safety levels on various sites operated by the construction company for better allocation and utilization of limited resources.
Background
Tower-crane work constitutes a critical component in the range of elements that make the work environment of construction sites essentially hazardous ͑Shepherd et al. Neitzel et al. 2001͒ . Factors that affect construction site safety due to the work of tower cranes have attracted only moderate attention; they are commonly addressed indirectly and partially within the broader treatment of site safety or of crane work in general ͑Dickie 1981; Nunnally 2000͒. Literature addressing crane safety that explicitly suggests tower crane related risk factors or safety hazards is limited, and therefore an initial list of such factors, which was compiled in the current study, was based on the small quantity of literature available ͑MacCollum 1993; Hinze 1997; Leung et al. 2000; Shapiro et al. ͑2000͒. Common to all of these, with the partial exception of Shapiro et al. ͑2000͒ , is the lack of quantitative treatment at the individual site level. Several studies suggest quantitative models for the assessment of safety management or other indicators on site, through which safety itself can be assessed ͑Fang et al. 2004; Ling et al. 2004; Ng et al. 2005͒ . These models, however, are inferential by nature, and therefore do not necessarily reflect the actual risk that is present on site, nor do they provide an indication as to the cause of this risk. Hammer ͑1989͒ maintains that the core of the problem of implementing and managing safety is the inherent difficulty to measure safety. If both winds and inexperienced crane operator, for example, are among hazardous conditions on the site, which has a greater potential impact? How can we measure safety level on site if the situations and factors involved are innately unquantifiable in any direct way? These and similar questions are indeed hard to answer due, among other things, to the different contextual conditions that exist on any individual site.
Thus, the current study attempted not only to identify factors affecting safety but also to evaluate them, as a first step in developing a quantitative method for the direct assessment of safety hazards in a tower-crane operation environment.
Methodology
Following an initial list of factors compiled from the literature, numerous visits to construction sites and open discussions with site personnel, mainly crane operators and superintendents, were conducted. Tower-crane work was observed from both the ground and the operator cab. This pilot proved to be an important learning stage; it also helped expand the initial list.
During these visits, an inventory of incidents-major and minor accidents, as well as near misses-was compiled based on stories gathered from crane operators and other site and company functionaries. Likely root causes of these incidents were also solicited. Altogether, there were 61 such incidents, which were analyzed, classified, and tabulated by Shapira and Lyachin ͑2004͒. Thus, with the additional input from this inventory, the final list of factors that served as the departure point for the structured knowledge elicitation in the current study was formulated.
The main problem now lay in identifying an appropriate, structured method for obtaining information and recovering knowledge about these factors, their relevance to tower-crane work, and their degree of influence. The solution applied to this problem was deemed crucial for the success of the study. The rest of this chapter, therefore, elaborates on both the problem and its solution.
Statistics as Knowledge Source
Statistics on construction accidents involving tower cranes could have been a reliable source of information for this kind of study. In reality, however, statistics suitable to serve the purposes of the current study hardly exist-for tower or mobile cranes. First, crane accidents are commonly reported only in cases of fatalities or severe injuries ͑Fair 1998͒. Therefore, numerous cases simply do not make it into the statistics, even if they are reported within the construction company. These cases, which may involve injuries or "only" cost damages, constitute the majority of cranerelated accidents. Furthermore, near-miss incidents, some of which have the potential of turning into bad accidents, are often not reported even within the company. All in all, accidents are subject to gross under-reporting ͑Butler 1978; McDonald and Hrymak 2002͒. But even when statistics and accident records are at hand, they usually provide information on the circumstances, nature, outcomes, symptoms, and even proximal causes and contributing physical factors of accidents; only very rarely do they go all the way in providing the root causes of the accident investigated ͑Häkkinen 1993; Hinze et al. 1998; Abdelhamid and Everett 2000; Neitzel et al. 2001; Beavers et al. 2006͒ . As such, statistics and investigation files are unlikely to be useful as a source on safety hazards and the prevailing on-site conditions that cause them. As Hammer ͑1989͒ stated: "Accident statistics . . . do not answer questions about what causes accidents . . . They do not indicate relationships between causes and effects." He adds that "even where accident and injury statistics can be useful, they are often incomplete, inaccurate, and therefore incorrect."
There is another fundamental debate on the usefulness of accident-related information in reflecting the safety reality on site. Is a site that has experienced an accident more "dangerous" than one that has not? Can we learn from one incident about the general level of safety on site? Many researchers have concluded that the answer to both questions is negative. Laitinen et al. ͑1999͒, for instance, maintain that "the use of accidents as a safety indicator of a single building construction site is in most cases impossible… many sites have no accidents and it is not possible to say whether they are safer than other sites with four or five accidents." McDonald and Hrymak ͑2002͒ conclude an extensive literature survey on this subject by stating: "It can be said that accident frequency cannot be considered to be a robust measure for research purposes." Thus, after ruling out the use of statistical data on accidents, another source of knowledge was needed to identify the factors affecting ongoing construction site safety, which are related to tower cranes, and to assess the magnitude of such factors. Researchers who encountered similar problems in the past turned to experts ͑Cho et al. 2002; Lee and Halpin 2003͒ . Harms-Ringdahl ͑2001͒ maintains that questioning of experts is a viable option under such circumstances, assuming that an expert has accumulated an abundance of knowledge based on extensive experience. Therefore, elicitation of knowledge from experts was decided upon as the method to be used in the current study.
Expert Panel
The panel that served as the knowledge source for this research comprised 19 experts who were either the safety or equipment managers of the top ten construction companies in Israel ͑D&B Ranking 2003͒. These leading companies are recognized for their well-developed planning and management culture. Over the years, they have built the most ambitious building and engineering projects in the country and their sites excel in the application of advanced construction technologies and high utilization of mechanization. Most of the companies were also involved in similar construction projects overseas.
With a steady number of over 1,000 tower cranes operating in Israel during the past 2 decades ͑CIS 2005͒, this small country ͑population 7 million͒ exhibits a typical tower-crane culture, and therefore constitutes an appropriate setting for any research relating to tower cranes. ͓For comparison, the number of tower cranes in the United States, with its population of 300 million, was also estimated for years at 1,000 ͑Bishop 2001; Hampton 2004͒, until it has recently started growing and is now estimated at 1,500 ͑Shapira et al. 2007͒ .͔ All of the experts-nine equipment managers, nine safety managers, and one who held both positions-were experienced professionals. Their cumulative tenure in their current positions was 310 years ͑mean of 16.3 years͒, and six of them had served in their current positions for more than 20 years. All were exposed to extensive work with tower cranes throughout their career, both in Israel and abroad. The companies they worked for owned and operated large fleets of 10-61 tower cranes each, totaling 279 cranes-nearly 30% of the entire tower-crane population in the country.
As a result of all the above, these practitioners were not only the country's top professionals in their fields but were, in fact, top-notch experts by any objective measure.
Knowledge Elicitation from Experts
Two rounds of face-to-face interviews were conducted by both writers with the expert safety and equipment managers. The first round included in-depth, 2 -3 h long interviews with all 19 experts. These interviews were preceded by letters mailed to the experts that provided the background, objectives, and methodology of the study. Each interview opened with several openhanded questions in which the interviewees were requested to offer their assessment as to the factors affecting safety in working with tower cranes. It was important to give the experts an opportunity to express their personal opinion and ideas before introducing them to the list of factors prepared and presented by the writers. In the second part of the interview, the experts were requested to address each of the factors on the list, provide their judgment and reasoning, and offer examples. These examples not only enriched the discussion and facilitated understanding; they were also vital in ensuring that the wording on the list of factors was not ambiguous. The final part of the interview focused on the relative-quantitative evaluation of each factor's impact, as described later on ͑see "Degree of Influence"͒.
As anticipated, the list of factors evolved from one interview to the next, with the addition of more factors, until it was finalized about half way through the first round of interviews. At this point, the initial list had almost doubled, which prompted the need for a second interview with nearly half of the experts.
The third and final phase of knowledge elicitation was conducted using basic elements of the Delphi technique for establishing consensus among remotely located individuals ͑Linstone and Turoff 1975͒. Following the two face-to-face interview rounds, the quantitative evaluations were analyzed. Mean degrees of influence were computed and deviations detected. All processed results were then distributed by writing to all experts, alongside their own evaluations. They were asked to review the material and consider amendments to their evaluations, particularly in case these significantly deviated from the mean evaluations of their colleagues. Interviews by phone then followed, during which various arguments provided by other experts on their evaluations were discussed. A few more changes resulted, and the list of quantitatively evaluated factors was made final. This concluded the knowledge elicitation phase of the study.
Finalization of Results
With a view to focusing the attention on major factors only, the list of factors resulting from the deliberations with the experts was narrowed down to include only factors that according to the experts exert a "moderate" to "very strong" influence ͓mean degree of influence ͑DOI͒ ജ 2.5; see "Degree of Influence"͔. To further cement this process and its results, mainly to ensure that no important factor is left out, an additional group of eight senior project managers with tower-crane work experience was established. Similar to the participating equipment and safety managers, these project managers, each from a different company, were employed by eight of the same top ten construction companies in the country. Each had 11-24 years of experience as project manager, of which 6 -18 years were managing large and complex projects involving tower cranes. It was deemed important to receive feedback from these qualified professionals, but due to the limited nature of their exposure to crane work, they did not appear suitable to actually serve on the study's core expert panel, and thus their involvement was limited to serve as a control group.
Each of the eight project managers was interviewed in the very same manner described above for the first round of face-to-face interviews with the expert panelists. The mean quantitative evaluations resulting from these interviews were then compared with those computed for the 19 experts. No meaningful differences were found, and thus the results supported and cemented the earlier findings.
The two subgroups comprising the expert panel, safety managers and equipment managers, were also compared, and here too, no meaningful differences were found. Table 1 presents the 21 factors identified in the current study that affect safety on construction sites due to the operation of tower cranes. The factors are grouped into four categories: project conditions, the environment, the human factor, and safety management. The complete description and analysis of these factors constitute the main body of the full report on the current study ͑Shapira and Lyachin 2004͒.
Factors Affecting Safety
These 21 factors make up the final list out of an initial list of nearly 40 factors that were identified and discussed in the course of this study. Some of the factors removed in the narrowing down process are worth mentioning. Factors such as "crane setup and dismantling" were removed a priori since these are one-time operations or peak events; such factors are not present throughout construction on site, neither can they characterize ongoing crane work safety. ͓The removal of such factors, however, definitely does not diminish their potential hazardous nature or the need to address them properly; crane setup and dismantling, for one, is associated with a high rate of crane accidents ͑Häkkinen 1978; Suruda et al. 1999; Shapiro et al. 2000; Skinner et al. 2006͒ .͔ Another example of a factor removed at this phase due to the same reason is crane operator turnover. If the resident operator is absent from work ͑e.g., due to illness͒ and a temporary replacement is brought in, risks due to crane operation may be increased-though only for a relatively short time, up to a few days at the most ͑until the replacement operator has become familiar with the site and work conditions or the site's operator has returned to work͒. There were other reasons for removing factors even prior to deliberations with the experts. Earthquakes, for ex- The more congested the site and the greater the presence of obstacles of various kinds, the harder and more accident prone the crane work.
Power lines Overhead power lines located within the crane's work envelope
Overhead power lines often cross the site's air space, in which case crane work may be required to be carried out near them. Because of its configuration and height, it is quite possible that the tower crane's jib and hook block will overfly power lines.
The outcome of contact of the load or any part of the crane with energized power lines is usually fatal electrocution ͑Hinze and Bren 1996͒. Strict regulations set the minimum clearance between the lines and any part of the crane or load, but in extreme cases ͑e.g., strong winds͒, loss of control of the jib, trolley, or hook block motion may occur.
Blind lifts Obstruction of work ͑loading, unloading, travel͒ zone from operator view
Crane operators experience partial obstruction of the work zone ͑loading/unloading or hook travel path͒ to various extents on almost all projects. This is due to the location of the cab relative to the erected building and staging areas. This is common particularly in high-rise construction.
When the operator has no line of sight with the load and receiving crew, complete and exclusive reliance on a signalperson becomes necessary. Problems in remote signaling or radio communication greatly increase the chances of accidents or "close calls."
Overlapping cranes
Overlapping work envelopes of two or more cranes Construction projects often employ two or more tower cranes. Shared work zones of these cranes may result from: ͑1͒ geometric constraints ͑jib length and lifting capacity͒; ͑2͒ time constraints ͑one crane cannot satisfy all lifting needs͒; and ͑3͒ crane location constraints on site.
Commonly: the jib of the lower crane hits the cables of the higher crane. Also possible: loads hit each other, or load of one crane hits cables of other crane.
Sight distance and angle
Sight distance and angle from loading/unloading zones, as determined mainly by height of cab A fundamental difference between tower cranes and mobile cranes is the location of the cab atop the tower crane, giving the operator good sight coverage of the site and work zones ͑Shapiro et al. 2000͒. However, the higher the crane, the greater the distance to the ground and the nearly vertical view of the load and work zone on the ground. Additionally, a nearly horizontal view occurs when the cab and work zone or travel path are almost at the same level.
The operator's ability to distinguish small details decreases with the distance to the target ͑e.g., for precise lifts or placement, to monitor the rigging of the load͒; likewise, the ability to discern a 3D image of the target ͑load, obstacle, work zone͒ declines sharply at vertical and horizontal view angles ͑Shapira et al. 2008͒ . Consequently, all operator skills that depend on sight are impaired.
Cab ergonomics
Ergonomic level of operator cab for work convenience Cab ergonomics include protection from rain and wind, climate control, cab size, view window size, convenience of seat and access to controls. This factor also pertains to access to the cab itself ͑by various types of ladders or by hoist͒.
Improper work conditions affect the operator, who must allocate physical and mental resources to cope with the inconvenience at the expense of focusing all energies on the work. Improved ergonomics reduce stress and chances for mistakes ͑Häkkinen 1993͒.
Length of work shift
Overtime ͑commonly into the night͒ as an indication of operator's and ground crew's fatigue Workdays on construction sites typically extend beyond nominal duration and are therefore very long and often stretch into darkness. Hence, the tower crane operator, who commonly is first to arrive and last to leave, experiences exceptionally long days atop the crane.
The long, often monotonous work causes the crane operator, who sits all alone in the remote cab, to lose focus and alertness. With the increase of physical and mental fatigue, the chances of accidents increase as well. To a lesser degree, this is true with respect to the ground crew as well. The risk stems mainly from the workers' need to allocate part of their physical and mental energies to coping with the weather, at the expense of full attention to the work. This refers mainly to the crane operator, but also to ground crew workers who are less protected. In bad weather, the environment can be hazardous as well ͑e.g., slippery surfaces in case of rain͒.
Visibility
Poor visibility ͑mainly of operator but also of others on site͒ Poor visibility is caused by effects pertaining to lighting or to weather. Cases related to lighting are: ͑1͒ dark hours ͑dawn/dusk͒ or night work; ͑2͒ working in shaded areas ͑e.g., dark shafts͒ and passing between bright and dark work areas; ͑3͒ shade produced by the load itself; and ͑4͒ direct or reflected sun glare.
Weather-related poor visibility may be the result of heavily overcast sky, rain, snow, fog, or dust.
In poor visibility conditions, the eyes are stressed and fatigue comes faster, images may be blurred, 3D vision is impaired, and details are indiscernible. Quick passages between bright and shaded areas weaken the operator's ability to accurately estimate height and distance ͑St John Holt 2001͒. All these increase chances for errors and accidents. Experience is measured first and foremost by the number of crane-operating years but also by the variety ͑e.g., crane types and models, project types and dimensions͒ to which the operator has been exposed over the years.
Operator proficiency plays a decisive role in: ͑1͒ making errors; ͑2͒ preventing dangerous situations before they develop; and ͑3͒ responding to others' errors once a dangerous situation has developed and preventing an accident ͑or lessening its damages͒. The shorter and less variegated the operators' experience and the lower their proficiency, the higher the safety risk. Operator experience is also critical for "feeling" the crane instinctively ͑"by the seat of his pants"͒.
Operator character
Behavioral patterns and mental capacity of the crane operator
Measures of operator character that may affect the operator's conduct are: ͑1͒ levelheaded/ impulsive; ͑2͒ disciplined/defiant; ͑3͒ tenacious/ submissive; ͑4͒ vigilant/sluggish; and ͑5͒ focused easily distracted.
As in any man-machine system, in the operator-crane system the character of the operator and its bearing on the operator's conduct have a great effect on the chances of accidents.
Employment source
Crane operator is on the construction company's staff or is outsourced
Depending on local cultures, on the construction company policy, and on supply and demand, crane operators can either be on the permanent staff of the company, moving from one company's project to the next, or outsourced from a manpower company, usually for the duration of one project only ͑and often for a shorter-term service͒.
Outsourced operators, who have no direct employment contracts with the construction company, are often exploited and discriminated compared with permanent company employees, which may hamper their work and have negative implications on safety ͑Hinze 1997͒. On their part, outsourced operators tend to work overtime ͑particularly if paid by the hour͒ and "cut corners" so as to please their temporary employers.
Superintendent character
Behavioral patterns and mental capacity of the superintendent
In addition to generally being in charge of safety on site, the superintendent often has direct contact with crane work, the latter being a critical element of the production chain on site. Superintendent characteristics that may affect their contact with crane work and crane operators are, for example, authoritativeness, accountability, sensibility, and alertness.
In the likely possibility of conflict between speed and productivity on the one hand, and safety on the other hand, the superintendent's character may play an important role in maintaining or neglecting safety as far as crane work is concerned. ͓We do not, however, claim that safety and productivity are essentially in conflict with each other; as argued by Shapiro et al. ͑2000͒, "Measures taken to ameliorate risks…will also promote maximum equipment utilization and productivity."͔
Signalperson experience
Experience of workers employed for signaling and rigging
Signalpersons, commonly also in charge of slinging, are referred to by many as "the operator's eyes and ears." But although they fulfill a critical function, they are usually undertrained and their service is often too short to gain adequate experience. Additionally, due to the good site coverage provided by the tower crane and its ability to almost concurrently extend service in different areas on site, there is not always a trained signalperson at hand where needed.
The situation that prevails in many cases, of undertrained and inexperienced signalpersons, increases chances of accidents in general. The situation is particularly riskier in cases of poor visibility and a great extent of blind lifts.
Safety management
Site-level management Safety management at the site level Site-level safety management includes actions to increase awareness, training, preventive actions, monitoring, ongoing inspections, and rewards and punishment. Specifically pertaining to the crane are also daily morning inspections and maintaining a logbook and other record-keeping documents as required. Measures to assess site-level safety management are provided by Ng et al. ͑2005͒.
The safety climate on site, commonly dictated and dominated by the general superintendent, reflects on crane work as well. Chances of crane-related accidents greatly increase if site safety management is deficient. Superintendents are perceived as being a vital link between senior management and workers in promoting a positive safety climate ͑Lingard et al. 2005͒. ample, were deemed too exclusive ͑though they would most likely be treated differently in places such as Japan and Taiwan͒, and so was noise at levels that significantly exceed those common on construction sites. All eliminations conducted prior to the interviews later met the experts' approval. Examples of factors that were presented to the experts, but which they disqualified almost unanimously after deliberations as to the extent of their influence ͑i.e., DOIϽ 2.5͒, are "crane configuration" ͑i.e., free standing, externally braced to the building, internally climbing, rail-mounted traveling͒, "crane procurement method" ͑i.e., owned by the construction company or rented͒, "crane age," and "number of setup-dismantling cycles."
Degree of Influence
As mentioned, the collective wisdom of the 19-expert panel of equipment managers and safety managers yielded a list of risk factors and insight into their impact mechanisms ͑Table 1͒. It also produced an assessment of each factor's impact, namely, its DOI on the probability that an accident will occur, and on the consequences of such an accident. Eliciting knowledge from experts in lieu of extracting information from statistical records called for the experts to make their judgment and assess the impact of each factor based on experience with ample cases of accidents, both major and minor, as well as with near misses, all of which have been etched in their memory. This judgment quite naturally combines the experts' inseparable impressions from both incident rates and the severity of actual incidents.
The bars in Fig. 1 present the results in a descending order of the mean DOI, on a 0 -5 scale ͑"no influence" to "very strong influence"͒. Each of the factors is represented by a bar composed of 19 squares, corresponding to the number of panel experts. Two of the factor bars ͑"superintendent character" and "obstacles and congested site"͒ were, however, each given one "no influence" score, and are therefore composed of 18 squares only. The height of each of the squares making up the bars is proportionate to the DOI it denotes, and thus each bar height corresponds to the cumulative DOI accorded by the experts. The internal composition of the bars is by itself an interesting finding, as it provides an indication of the level of consensus among the experts as reflected by the distribution of each factor's assessments. For example, "maintenance management" and "operator character" exhibit an identical mean DOI. It is evident from Fig. 1 , however, that there was much greater consensus with regard to "operator character" than with regard to "maintenance management:" the cumulative DOI of the former is composed of the degrees 3, 4, and 5 ͑i.e., "moderate" to "very strong"͒, while the experts accorded five DOIs to the latter ͑i.e., the entire spectrum between "very weak" to "very strong"͒.
It should be stressed that the main purpose in questioning the experts regarding the DOIs was to gain an indication as to which are the strong versus weak factors, which are the consensual versus controversial factors, and what are the various arguments that justify the DOI accorded. By no means was the purpose to rank the factors, even if the presentation of the bars in Fig. 1 has the appearance of ranking. Likewise, there was no purpose whatsoever to determine the relative importance of each factor. For example, if "winds" scored a mean DOI of 4.0 and "cab ergonomics" scored 3.2, this by no means indicates that the impact of the former is 125% ͑4.0/ 3.2͒ that of the latter. Ranking a large number of factors and determining their relative weights cannot be done straightforwardly; it commonly requires the use of a multiattribute decision-making tool ͑Saaty 1980; Yoon and Hwang 1995͒ . This phase of the study, not within the scope of the present paper, is treated elsewhere ͑Shapira and Simcha 2005͒.
Findings
Because factors that were assessed as having "weak" and "very weak" influence were dropped off the final list, there appears to be only a slight difference in bar heights in Fig. 1 . However, Like any other machine, cranes must be properly maintained to extend their service life, to secure high productivity, and to ensure adequate safety levels ͑MacCollum 1993͒. Underserviced cranes and lifting accessories impede crane work safety and increase the chances of accidents; eventually they will also incur expenses higher than the costs initially saved, like with any savings on safety costs ͑Hinze et al. 1998͒.
differences between major and moderate factors are distinct, as are differences in the internal composition of the assessed influence. Hence, the following major findings are concluded: 1. "Operator proficiency" is the factor that scored the highest DOI. This assessment of the 19-member expert panel further cements the supreme significance attributed in the professional literature to the operator's role in maintaining safe operation of the crane ͑MacCollum 1993; Shapiro et al. 2000; Neitzel et al. 2001͒ . It is interesting to note, however, that although 11 experts accorded this factor the highest DOI ͑5͒, higher than any other factor, two experts assessed its influence as "moderate" only, and one even assessed it as "weak." This finding echoes the aforementioned perception of the mobile crane operator as having a greater responsibility vis-à-vis safe operation of the crane than has the towercrane operator; 2. Seven factors were assessed by the experts as "highly affecting" tower-crane related safety on site ͑i.e., mean DOIϾ 4͒. These factors are predominantly those in the human factor and safety management categories. In fact, the entire category of safety management factors was determined to be "highly affecting." This is in line with current notions on the crucial role of safety management in improving and securing safety on site. Note that the high DOI attributed to safety management is the collective wisdom of a panel, only half of which was composed of safety managers, the other half being equipment managers with strong technical/engineering backgrounds; 3. Of the project conditions, only "blind lifts" was accorded a "high" DOI. This can be explained by the fact that in "regular" tower-crane work there are relatively few blind lifts, given the position of the operator atop the crane and the ensuing bird's eye view. Thus, blind lifts, more of a routine in mobile crane work, are perceived as exceptional, and therefore problematic, with respect to tower cranes; 4. Among the seven "highly affecting" factors, four yielded a higher consensus level than the others ͑"very strong" to "moderate" DOI͒. These are "company safety management," "blind lifts," "operator character," and "signalperson experience." Such a high consensus lends these factors a degree of robustness that may compensate for whatever little advantage other factors in this group of "highly affecting" factors have in terms of the overall DOI; and 5. Of the factors that scored lower ͑the right-hand bars in Fig. 1͒ , most interesting perhaps is "power lines." The presence of overhead power lines within the crane's work arena is commonly accepted as a major hazard ͑Dickie 1981; Nunnally 2000͒. Yet, this factor was overall assessed as having only a moderate impact on safety in the vicinity of the crane ͑DOI= 3͒. The rationale provided by almost all experts interviewed was that due to the enhanced awareness of the prospective danger of working near power lines, appropriate preventive measures are taken on site to minimize the risk. Some experts added that this was a static obstacle: it is always there, in the same place, inflicting unchanging concerns. Thus, it is a major hazard turned in practice into a minor one. While this rationale makes sense in a tower-crane environment, the picture is completely different when mobile cranes are involved. Electrocution due to contact ͑or near contact͒ with energized power lines accounts for more mobile crane accidents than almost any other cause ͑Suruda et al. 1999; Shepherd et al. 2000; Beavers et al. 2006͒ . Note that the experts were in disagreement about this factor, as it scored the full spectrum of possible DOIs, from "very strong" to "very weak" ͑although with a clear majority ascribing it "moderate" influence͒. The higher DOIs were explained by the interviewees as reflecting the grave outcome should an accident indeed occur.
Conclusion and Future Research
This paper presented a list of 21 factors with an ongoing presence that affect safety in tower-crane environments. The list was generated and consolidated based on the experience and expertise of 19 senior safety managers and equipment managers from the top ten construction companies in Israel, which among them own and employ some 300 tower cranes. With a view to quantifying risk factors, the experts also assessed the influence of each of the factors, thus making it possible to distinguish between factors that exert a strong influence and those that exert a moderate influence on site safety. With the limited resources available for safety improvement and accident prevention, greater attention must be paid by all parties involved ͑e.g., construction firms, regulatory and enforcement authorities͒ to those factors evaluated as highly affecting site safety due to tower-crane work.
The study reported in this paper constitutes the first phase of a broader research plan that aims to develop quantitative indices that objectively and realistically reflect safety levels on construction sites due to the operation of tower cranes. The development of such indices is envisaged to consist of the following stages: ͑1͒ identification of risk factors; ͑2͒ analysis and consolidation of factors; ͑3͒ determination of relative weights of factors; ͑4͒ development of risk scales for each factor; ͑5͒ development of methods to measure factors; and ͑6͒ integration of measured risks for the computation of an overall risk assessment index for any individual site. Of these six stages, the first two were presented in the current paper. Further research according to this plan will have to address issues such as the dynamic nature of most factors, desirable update frequencies, multiple-crane sites, and increased risk due to oversailing of cranes beyond the boundaries of the site. Due attention will also have to be given, in the final overall risk assessment, to the contribution of two other factors: the number of people exposed to the hazardous conditions on site, and the intensity of crane work. These two factors have a bearing on all other factors and therefore must be investigated with respect to them.
As we have learned in the course of conducting this research, accident investigation files commonly do not disclose root causes, due partly to the lack of knowledge on what factors to look for. It is hoped that the safety factors identified and assessed in this study can be helpful in modifying the way in which tower-crane accidents are investigated to the effect that root causes are more effectively exposed.
This study grew out of a typical tower-crane culture on the grounds of a chronic shortage of resources allocated for safety improvement. Its findings, however, may be equally useful for a developing tower-crane culture, and its methodology may also apply to other equipment cultures.
